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HIGHLIGHTS 


•  We  succeeded  in  preparing  the  carbon-coated  composites  of  graphites,  VGCF,  and  CNHs. 

•  The  quantity  of  coated  carbon  films  was  estimated  as  4  wt%  from  the  weight  change  of  TGA. 

•  The  carbon-coated  composites  achieved  the  excellent  high-rate  properties  for  half-cell. 
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The  mixture  of  graphite,  vapor  grown  carbon  fibers  (VGCFs),  and  carbon  nanohorns  (CNHs)  was  heat- 
treated  in  Ar  atmosphere  and  carbon-coated  by  using  a  chemical  vapor  deposition  (CVD)  method  (C- 
graphite/VGCF/CNH).  Scanning  electron  microscopy  observation  showed  that  graphite,  VGCF,  and  CNHs 
were  covered  by  carbon  film.  Thermogravimetric  analysis  also  indicated  that  carbon  film  formed  by  the 
CVD  method  combusted  at  550  °C  and  the  quantity  of  carbon  film  was  about  4  wt%.  The  C-rate  properties 
of  half-cell  for  C-graphite/VGCF/CNH  were  superior  to  those  for  the  mixture  of  graphite,  VGCF,  and  CNHs 
(C-graphite/VGCF/CNH  (discharge)  :  3C/0.1C,  85%,  graphite/VGCF/CNH  (discharge)  :  3C/0.1C,  50%), 
accelerating  a  promising  application  for  quick  charge-discharge  of  Li-ion  batteries. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  have  been  widely  used  for  decades  in 
portable  electronic  devices  such  as  laptops  and  cellular  phones 
[1-3]  due  to  their  large  energy  density  and  long  life.  Recently,  their 
applications  in  electric  vehicles  (EV)  and  plugin  hybrid  electric 
vehicles  (HEV)  have  been  demanded,  leading  to  increases  in  battery 
size  and  capacity  [4,5  .  Specifically,  the  demand  for  quicker 
charging  of  EVs  has  been  increased  drastically  for  very  long  charge 
time.  Therefore,  a  Li-ion  battery  operating  at  high-rates  needs  to  be 
developed  to  realize  the  above  industrial  applications  [6—10  . 

To  achieve  the  operation  at  high-rates,  the  internal  resistances 
on  anode  electrodes  need  to  be  decreased.  In  general,  their  origins 
are  mainly  the  contact  resistances  between  active  materials  and/or 
active  materials  and  conductive  additives  for  charge  and  discharge 
with  high  energy  density  [11  .  Therefore,  decreasing  them  should 
help  to  improve  the  rate  properties.  Here,  we  tried  to  prepare  novel 
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composites  of  graphite,  vapor  grown  carbon  fibers  (VGCFs),  and 
carbon  nanohorns  (CNHs)  covered  by  carbon  films  (C-graphite/ 
VGCF/CNH).The  VGCF  [12]  and  CNHs  [13-15]  are  applied  as  filler  to 
enhance  the  electrical  conductivity.  The  CNHs  that  have  highly 
dispersive  properties  16,17  are  also  expected  to  be  packed  closely 
in  the  empty  space  of  graphites  and  VGCF  and  behave  as  a  buffer  for 
volume  change  in  the  graphite  during  charge-discharge.  The  car¬ 
bon  coating  also  needs  to  decrease  the  irreversible  capacity  and 
electronic  resistance  of  anode  18,19].  We  also  thoroughly  investi¬ 
gated  the  relationship  between  the  structure  of  C-graphite/VGCF / 
CNH  and  electrochemical  rate-properties. 

2.  Experimental 

Graphite  (MAG10)  (Hitachi  chemical  Co.,  Ltd.)  (Particle  size: 
10-20  pm)  (1  g),  vapor  grown  carbon  fibers  (VGCFs)  (Showa  denko 
K.  K.)  (Diameter:  150  nm)  (20  mg),  and  carbon  nanohorns  (CNHs) 
(NEC  corporation)  (Particle  size:  100  nm)  (20  mg)  were  dispersed  in 
ethanol  (40  ml)  and  stirred  at  room  temperature  for  about  10  min. 
The  mixture  was  filtered,  and  black  powder  was  obtained  on  the 


472 


R.  Yuge  et  al.  /  Journal  of  Power  Sources  266  (2014)  471—474 


filter  paper  (graphite/VGCF/CNH).  They  were  placed  on  an  alumina 
boat  located  at  the  center  of  a  reactor  tube  in  an  electric  furnace  and 
heated  in  the  reactor  at  1000  °C  for  three  hours  in  Ar  flowing  at 
300  ml  min-1.  Then,  the  heating  temperature  was  decreased  to 
800  °C  for  chemical  vapor  deposition  (CVD)  [20].  After  the  target 
temperature  was  reached,  the  gas  flow  was  switched  to  C2H2  gas  of 
a  carbon  feedstock,  diluted  in  Ar,  and  kept  for  30  min  (C-graphite/ 
VGCF/CNH).  Finally,  the  reactor  was  cooled  to  room  temperature  in 
the  Ar  gas  flow.  The  specific  surface  area  of  the  graphite  (MAG10), 
graphite/VGCF/CNH,  and  C-graphite/VGCF/CNH  was  estimated  as 
40, 150,  and  450  m2  g-1,  respectively. 

The  structures  of  the  specimens  were  observed  with  a  scanning 
electron  microscope  (SEM)  (Hitachi  S-4800).  The  SEM  was  operated 
at  1.0  kV.  The  thermogravimetric  analysis  (TGA)  (BRUKER  AXS  TG- 
DTA2000SA)  was  performed  in  an  oxygen  atmosphere  at  temper¬ 
atures  ranging  from  room  temperature  to  900  °C.  The  TGA  was 
carried  out  at  a  ramp  rate  of  10  °C  min-1.  A  constant  amount  (ca. 

1.5  mg)  of  sample  was  used  for  TGA. 

A  coin-type  electrochemical  cell  (2320)  that  has  a  lithium  metal 
counter  electrode  and  1  M  LiPFe/EC  +  DEC  electrolyte  (UBE  Kosan 
Co.,  Ltd.,  EC:  DEC  =  3:7  (volume),  water  content  =  10  ppm)  was 
prepared  for  charge-discharge  measurements.  Anode  electrode 
was  prepared  from  a  mixture  of  C-graphite/VGCF/CNH  and  poly- 
vinylidene  fluoride  (PVDF)  binder.  The  ratio  of  the  binder  was  5  wt% 
in  the  anode  electrode.  The  loading  of  active  materials  was 
6-7  mg  cm-2.  Galvanostatic  charge  (lithiation)/discharge  (deli- 
thiation)  measurements  were  carried  out  in  the  range  of  0-0.8  or 

2.5  V  in  a  thermostatic  chamber  controlled  at  20  °C  (Electrofield 
Battery  Labo  system). 

First,  to  determine  the  capacities  of  the  samples,  the  cells  were 
charged  to  0  V  at  the  constant  current  (CC)  mode  at  0.1  mA  cm-2. 
Then,  the  cells  were  discharged  in  the  range  of  0-2.0  V  at  the  CC 
mode  of  0.1  mA  cm-2.  The  charge  and  discharge  rate  performance 
was  measured  in  the  range  of  0.1C-3C.  For  the  charge  rate  per¬ 
formance,  the  anode  was  firstly  discharged  to  0.8  V  at  the  constant 
current  constant  voltage  (CCCV)  mode  and  then  charged  to  0  V  at 
CC  mode  of  0.1 -3C.  For  the  discharge  rate  performance,  the  anode 
was  firstly  charged  to  0  V  at  the  CCCV  mode  and  then  discharged  to 
0.8  Vat  CC  mode  of0.1-3C. 

Electrochemical  impedance  measurements  (Solartorn  2010) 
were  carried  out  using  coin  cell  at  a  charging  state  after  initial 
charge-discharge.  The  explored  frequency  range  was  from  100  kHz 
to  1  mHz  under  10  mV  of  amplitude  and  no  bias  voltage  was 
applied. 

3.  Results  and  discussion 

3.1.  Structural  characterization 

Fig.  1  shows  typical  SEM  images  of  graphite/VGCF/CNH  (a,  b,  and 
c)  and  C-graphite/VGCF/CNH  (d,  e,  and  f).  The  graphite  and  CNHs 
were  spherical  structures  with  the  sizes  of  about  several  micro¬ 
meters  and  one  hundred  nano-meters  in  diameter,  respectively. 
The  well-known  VGCF  had  a  tube  structure  of  10-100  pm  in  length 
and  diameter  of  about  150  nm.  As  shown  in  Fig.  le  and  f,  the 
graphite  and/or  VGCF  in  C-graphite/VGCF/CNH  had  a  smoother  and 
rounder  surface  structure  than  those  of  graphite/VGCF/CNH.  Very 
small  particles  were  also  deposited  on  graphite  and  VGCF  surfaces. 
Therefore,  each  of  graphite,  VGCF,  and  CNHs  was  covered  and 
attached  by  thin  carbon  layers. 

Fig.  2  (a)  shows  the  weight- temperature  curves  in  02  atmo¬ 
sphere  obtained  from  the  TGA.  Fig.  2  (b)  shows  the  derivative 
curves  of  the  weight-decrease  to  temperature,  where  main  peak 
appears  at  about  600  °C  for  CNHs,  780  °C  for  VGCF,  790  °C  for 
graphite/VGCF/CNH  and  C-graphite/VGCF/CNH,  and  800  °C  for 


Fig.  1.  SEM  images  of  graphite/VGCF/CNH  (a  b,  and  c)  and  C-graphite/VGCF/CNH  (d,  e, 
and  f). 

graphite.  The  main  peaks  of  derivative  curves  of  graphite/VGCF / 
CNH  and  C-graphite/VGCF/CNH  were  almost  the  same,  indicating 
the  no  drastic  change  of  graphite,  VGCF,  and  CNH  themselves  by 
CVD  process.  The  broad  peak  at  the  range  from  520  to  640  °C  for  C- 
graphite/VGCF/CNH  is  attributed  to  carbon  layers  prepared  by  the 
CVD  method.  The  quantity  of  the  coated  carbon  films  was  estimated 
as  4wt%  from  the  weight  change  (in  set  in  Fig.  2(b)).  The  peaks  at 
680-720  °C  of  CNHs  are  attributed  to  micrometer-sized  graphitic 
impurities  formed  intrinsically  from  the  graphite  target  by  C02 
laser  ablation  [21  . 

3.2.  Charge-discharge  properties 

Fig.  3  shows  the  first  charge-discharge  curves  of  the  Li-ion  cell 
prepared  with  the  graphite,  graphite/VGCF/CNH  and  C-graphite/ 
VGCF/CNH  electrode  in  the  range  of  0-2.5  V.  The  graphite  in  Fig.  3 


Fig.  2.  TGA  and  derivative  TGA  of  graphite/VGCF/CNH  and  C-graphite/VGCF/CNH. 
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Fig.  3.  Charge-discharge  curves  of  graphite,  graphite/VGCF/CNH,  and  C-graphite/VGCF/ 
CNH. 

shows  the  electrode  without  conductive  additive.  The  cells  per¬ 
formance  exhibited  an  irreversible  capacity  loss  during  the  first 
cycle,  which  is  typical  for  carbon-based  anode  materials  and 
explained  by  the  formation  of  solid  electrolyte  interface  (SEI)  and/ 
or  irreversible  reaction  of  surface  functional  groups  [22].  The 
charge  capacity,  discharge  capacity  and  columbic  efficiency  for 
graphite,  graphite/VGCF/CNH,  and  C-graphite/VGCF/CNH  were 
371  mAh  g"\  333  mAh  g~\  90%,  440  mAh  g~\  358  mAh  g~\  81%, 
and  424  mAh  g_1,  356  mAh  g-1,  84%,  respectively.  These  results 
indicated  that  the  irreversible  capacities  of  C-graphite/VGCF/CNH 
and  graphite/VGCF/CNH  were  almost  the  same  although  specific 
surface  area  of  C-graphite/VGCF/CNH  was  larger  than  that  of 
graphite/VGCF/CNH.  Therefore,  we  considered  that  the  SEI  on  C- 
graphite/VGCF/CNH  was  formed  thinly  by  the  initial  charge.  The 
irreversible  capacity  originated  from  the  decomposition  of  elec¬ 
trolyte  relates  strongly  to  the  specific  surface  area  and  active  sites 
such  as  edges  and/or  defects.  The  decomposition  of  electrolyte  was 
suppressed  for  small  active  sites  of  the  carbon  film  on  C-graphite/ 
VGCF/CNH.  Here,  the  capacity  was  calculated  from  the  weight  of 
electrode  materials  not  including  the  binder  weight,  VGCF,  CNHs 
and  carbon  films.  These  initial  capacities  were  close  to  the  theo¬ 
retical  reaction  of  the  first  lithium  insertion  of  graphite. 

Fig.  4  shows  the  charge  rate  characteristics  of  C-graphite/VGCF / 
CNH  and  graphite/VGCF/CNH.  Each  capacity  gradually  decreased 
with  the  increase  of  the  rate.  The  decrease  quantity  of  capacity  for 
each  rate  of  C-graphite/VGCF/CNH  was  much  smaller  than  that  of 
graphite/VGCF/CNH.  We  considered  that  the  contact  resistance 
between  graphite,  VGCF,  and  CNHs  decreased  by  carbon-carting.  As 
a  result,  the  internal  resistance  of  C-graphite/VGCF/CNH  electrode 
decreased,  which  achieved  good  rate  properties.  It  should  be  noted 
that  the  influence  of  Li  diffusion  velocity  in  the  active  materials 
and/or  electrodes  possibly  becomes  dominant  for  high  rates  such  as 
2-3C  to  decrease  drastically. 

Fig.  5  shows  the  discharge  rate  characteristics  of  C-graphite/ 
VGCF/CNH  and  graphite/VGCF/CNH.  The  C-graphite/VGCF/CNH 
shows  about  340-350  mAh  g-1  at  the  rate  from  0.1  to  1C,  while 
graphite/VGCF/CNH  shows  the  gradual  decrease  of  discharge  ca¬ 
pacity  with  the  increase  of  the  rate.  This  is  because  the  decrease  of 
the  internal  resistance  of  C-graphite/VGCF/CNH  electrode  was 
carried  out  by  the  carbon  coating.  These  results  indicate  that  C- 
graphite/VGCF/CNH  is  a  suitable  anode  material  for  a  high-power 
battery. 

Fig.  6  shows  typical  impedance  spectra  of  C-graphite/VGCF/CNH 
and  graphite/VGCF/CNH.  The  impedance  was  measured  at  a 
charging  state  after  initial  charge-discharge.  The  impedance 
spectra  exhibit  two  semicircles  and  a  straight  line  with  the  decrease 
of  frequency  in  the  range  from  100  kHz  to  10  mHz.  Since  the 
cathode  electrode  and  electrolyte  solution  were  exactly  the  same, 


Capacity  (mAh/g) 


Fig.  4.  Comparison  of  the  charge  rate  characteristics  of  C-graphite/VGCF/CNH  and 
graphite/VGCF/CNH. 

the  difference  in  the  impedance  are  made  by  the  anode  electrode. 
The  origin  of  the  two  semicircles  can  be  interpreted  as  follows.  The 
first  can  be  assigned  mainly  to  the  SEI  film  and  the  contact  resis¬ 
tance  between  active  materials  and/or  active  materials  and  a 
conductive  additive  [10,23  .  The  diameter  of  the  first  semicircle  for 
the  C-graphite/VGCF/CNH  electrode  was  much  smaller  than  that  for 
the  graphite/VGCF/CNH  electrode  even  if  the  curves  originated  to 
the  SEI  film  and  the  contact  resistance  overlapped.  The  second  can 
be  assigned  to  the  charge  transfer  resistance  related  to  the  lithium 
intercalation  process  [10,23  .  The  linear  portion  is  attributed  to 
diffusion  resistance  of  Li-ion  in  electrodes.  These  results  indicated 
that  the  internal  resistance  and  SEI  resistance  of  C-graphite/VGCF / 
CNH  electrode  were  smaller  than  those  of  the  graphite/VGCF/CNH 
electrode. 

We  discuss  why  the  contact  resistance  of  the  C-graphite/VGCF / 
CNH  electrode  decreased.  The  heat-treatment  at  1000  °C  in  Ar 
caused  the  increase  in  crystallinity  due  to  the  restoration  of  a 
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Fig.  5.  Comparison  of  the  discharge  rate  characteristics  of  C-graphite/VGCF/CNH  and 
graphite/VGCF/CNH. 
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Fig.  6.  Impedance  spectra  of  C-graphite/VGCF/CNH  and  graphite/VGCF/CNH  after 
charging. 

defective  site  of  graphite,  VGCF,  and  CNHs  [24-26  .  This  effect  did 
not  contribute  drastically  to  the  combustion  reaction  in  O2  by  TGA 
because  the  increase  in  crystallinity  was  mostly  due  to  the  resto¬ 
ration  of  the  defects  on  the  surface.  The  good  conduction  passway 
through  graphite,  VGCF,  and  CNHs  was  formed  by  carbon-coating. 
After  all,  we  can  conclude  that  the  high  rate  performance  was 
achieved  by  unifying  graphite,  VGCF,  and  CNHs. 

4.  Conclusion 

In  this  study,  we  succeed  in  preparing  novel  composites  of 
graphite,  VGCF,  and  CNHs  by  heat-treatment  at  1000  °C  in  Ar  and 
carbon-coating  using  a  chemical  vapor  deposition  (CVD)  method  at 
800  °C  in  C2H2/Ar.  The  obtained  samples,  C-graphite/VGCF/CNH, 
were  fixed  and  unified  by  carbon  film.  The  C-rate  properties  of  a 
half-cell  for  a  C-graphite/VGCF/CNH  electrode  were  superior  to 
those  of  the  mixture  of  graphite,  VGCF,  and  CNH,  (C-graphite/VGCF / 
CNH  (discharge):  3C/0.1C,  85%,  graphite/VGCF/CNH  (discharge):  3C/ 


0.1  C,  50%).  This  is  because  the  internal  resistance  of  C-graphite/ 
VGCF/CNH  was  decreased  by  the  carbon  coating.  We  believe  that 
these  composites  are  promising  for  quick  charge-discharge  of  Li- 
ion  batteries. 
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